INTRODUCTION
============

Epidemics in Artiodactyla such as foot and mouth disease (FMD) have led to the death of thousands of livestock animals. The FMD outbreak of 2010 in South Korea led to almost 3.5 million animal deaths with the majority of carcasses disposed through burial \[[@b1-ajas-30-11-1660]\]. Burial is a common disposal procedure for the management of large numbers of deceased livestock animals, although other disposal methods such as incineration, composting, and rendering are recommended to prevent the spread of infectious diseases. Pathogens released from an animal carcass and health problems in residents living near landfills where these carcasses are disposed are a public health concern \[[@b2-ajas-30-11-1660]\]. In addition, there have been a few reports of drinking water contamination with enteric pathogens following the burial of animal carcasses, and some infectious materials such as anthrax spores or prions can remain within the soil after carcass decomposition \[[@b3-ajas-30-11-1660],[@b4-ajas-30-11-1660]\].

Carcass decomposition in burial sites can be affected by various factors such as the inner temperature, humidity, pH, and aeration of the body \[[@b5-ajas-30-11-1660]--[@b7-ajas-30-11-1660]\]. These environmental factors related to carcass decomposition might affect microbial metabolic activity at the burial site, although the metabolism of microorganisms present during carcass degradation has never been assessed.

Leachates derived from the decomposition of animal carcasses contain organic intermediates, volatile chemicals, and decomposing organisms \[[@b8-ajas-30-11-1660]\]. The high organic content of the leachate can cause extreme changes in aquifer ecology and microbial communities downstream of landfills \[[@b8-ajas-30-11-1660]\]. In addition, leachates from the decomposition of bovine carcasses can contaminate the area around the burial site with ruminal microorganisms. Environmental and sanitary or food safety hazards posed by leachates have not been adequately evaluated, despite recognition of these risks.

Microbial communities are essential to maintaining soil quality because of their involvement in organic matter dynamics, nutrient cycling, and decomposition \[[@b9-ajas-30-11-1660]\]. Keener et al reported that carcasses are degraded anaerobically by bacteria inside the carcass and aerobically by bacteria on the outer surface of the carcass \[[@b10-ajas-30-11-1660]\]. Therefore, the rate of decomposition of a carcass correlates with environmental factors such as the availability of oxygen.

To date, only a few studies have examined the characteristics of uncultured microbial communities in burial sites \[[@b11-ajas-30-11-1660],[@b12-ajas-30-11-1660]\]. The presence of uncultivable bacteria has been demonstrated by polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE), although these studies were limited by low detection rates of microbes in landfill leachate plumes \[[@b11-ajas-30-11-1660]\]. Next-generation sequencing techniques such as bar-coded pyrosequencing can be used to elucidate microbial community dynamics at a much higher resolution than was previously possible. In addition, the large dataset generated by pyrosequencing makes it possible to detect rare microbes and to perform phylogenetic comparisons of microbes living in a specific environment \[[@b13-ajas-30-11-1660]\]. This study was conducted using pyrosequencing to clarify the cascade of microbial communities through time in leachates from decomposing bovine carcasses.

MATERIALS AND METHODS
=====================

Lab-scale reactor
-----------------

Lab-scale reactors were designed based on an animal mortality mass burial protocol that was developed by the Korean Ministry for Food, Agriculture, Forestry, and Fisheries. Care of animals was in accordance with the Guide for the Care and Use of Experimental Animals (IACUC number: 2012-C-056). To simulate decomposition of bovine carcasses in real burial sites, the reactors were made with a volume of 5.15 m^3^. The average weight of Hanwoo (*Bos taurus coreanae*) used in this study was 430.17 ±21.48 kg. These carcasses were placed on top of soil and quicklime (3.75 cm soil+0.37 cm quicklime+3.75 cm soil) and also covered with layers of the same. To control the bacterial decomposition rate of the carcasses, the reactors were held at a constant temperature of 35°C. Leachate from each reactor was collected once a month by a peristaltic pump. The samples collected during decomposition were stored at −80°C for molecular analysis.

Pyrosequencing
--------------

Genomic DNA was extracted from leachate samples collected from three Hanwoo carcasses (A, B, and C) using a Fast DNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). The extracted DNA was purified using a PowerClean DNA Clean-Up Kit (Mobio, Carlsbad, CA, USA), and 16S rRNA (V1--V3 region) was amplified using fusion primers targeting bacteria \[[@b14-ajas-30-11-1660]\]. A C1000 Touch thermal cycler (Bio-Rad, Hercules, CA, USA) was used to amplify DNA following previously described methods \[[@b14-ajas-30-11-1660]\], and PCR products were confirmed to be 16S rRNA by 2% agarose gel electrophoresis and purified using a QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA). The concentration of each amplicon was determined using a PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA) and pooled for multiplex sequencing. Pooled amplicons were purified using an AMPure bead kit (Agencourt Bioscience, Beverly, MA, USA), and then emulsion PCR was performed on sequencing beads. The beads recovered from emulsion PCR were deposited on a 454 Picotiter Plate and sequenced using a Roche/454 GS Junior system following the manufacturer's instructions.

Analysis of pyrosequences
-------------------------

The analysis of raw sequence files was performed as previously described \[[@b14-ajas-30-11-1660],[@b15-ajas-30-11-1660]\]. Raw reads were sorted by unique barcodes, primer sequences were trimmed, and low quality reads (average quality score \<25 or read length \<300 bp) were removed. Representative sequences in clusters of sequences were selected for sequencing error correction, and their taxonomic positions were identified by determining the highest pairwise similarity scores among the top five BLASTN hits in the EzTaxon-e database \[[@b16-ajas-30-11-1660]\]. Chimeric sequences were detected by UCHIME \[[@b17-ajas-30-11-1660]\]. Random subsampling was used to normalize the read numbers in each sample. Chao1, Shannon index, and Good's coverage indices were calculated at a 3% dissimilarity level using Mothur \[[@b18-ajas-30-11-1660]\]. The relationships between samples were investigated by principal coordinate analyses (PCoA) using Fast UniFrac distances \[[@b13-ajas-30-11-1660]\]. Pyrosequencing reads obtained from this study were deposited in the EMBL SRA database under study accession number PRJ EB4428 (<http://www.ebi.ac.uk/ena/data/view/PRJEB4428>).

RESULTS AND DISCUSSION
======================

Shifts in the bacterial communities of leachates from three bovine carcasses, sampled at different decomposition times, were investigated by pyrosequencing of the 16S rRNA. Sequences obtained at each sampling time were analyzed and compared. Diversity indices, determined after normalization, are presented in [Table 1](#t1-ajas-30-11-1660){ref-type="table"}. A total of 110,442 reads were obtained, and their average length was 466.1 bp. The normalized read number was 3,300 for each sample except sample C_1, which had a lower number of reads (2,541 reads) than other samples. Minimum and maximum coverage were 76% and 95%, respectively. The numbers of observed operational taxonomic units (OTUs) varied at each sampling time. The highest number of OTUs was observed in samples from carcass A after 1 month (A_1), and the lowest number was observed in samples of Carcass C after 3 months (C_3). Shannon diversity indices for samples from carcass B and C were low until the third month, and they showed a further increase in the fourth month. In contrast, Shannon diversity indices for samples from carcass A fluctuated across the sampling times, as shown in [Figure 1](#f1-ajas-30-11-1660){ref-type="fig"}. These variations in bacterial diversity in leachates from three decomposing bovine carcasses indicated that changes in bacterial communities varied by individual.

Bacterial community compositions at each sampling time in leachates from the three carcasses were analyzed and compared at the phylum and genus levels and are shown in double pie charts ([Figure 2](#f2-ajas-30-11-1660){ref-type="fig"}). The phylum Firmicutes dominated (over 99% of total reads) the bacterial communities of carcasses B and C at each sampling time, except in the third month, even though the phyla Proteobacteria, Actinobacteria, and Firmicutes were predominant in the microbial communities in soil used in this study, representing 41.7%, 31.2%, and 9.0% of bacterial sequences, respectively (data not shown). Proteobacteria was the dominant phylum in samples from the third month for carcasses B and C, and the phylum Bacteroidetes also showed an increase at that time. *Bacteroidetes* spp. are reported to play a role in the fermentation of polysaccharides and to use nitrogenous substances as their energy source \[[@b19-ajas-30-11-1660]\]. The composition of phyla in the leachate sample from carcass A in the first month was different from the composition of bacteria in the leachate from other carcasses. Firmicutes were reported to reduce large macromolecules such as proteins, complex fats, and polycarbohydrates to their building blocks (e.g., amino acids, complex fats, and monosugars) \[[@b20-ajas-30-11-1660]\]. The proportion of bacteria that were Firmicutes was 79.9%, and Chloroflexi and Proteobacteria represented over 5% of the total reads. This difference generated unique changes of bacterial communities in leachate from carcass A. The phylum Proteobacteria comprises α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, and δ-Proteobacteria. Of these, γ-Proteobacteria are common in soil and are known to contribute to the decomposition of fats and carbohydrates \[[@b21-ajas-30-11-1660],[@b22-ajas-30-11-1660]\]. Chloroflexi specializes in decomposing carbohydrates \[[@b23-ajas-30-11-1660]\]. Proteobacteria were dominant (80.5% of total reads) in the fourth month's samples, with the proportions of Proteobacteria (34.2%) and Bacteroidetes (9.2%) increasing in third month's sample from carcass A. This indicated that bacterial communities in carcass leachates reflected individual variation in the skin or gut microbiota. These results were consistent with those of the diversity index analysis ([Figure 1](#f1-ajas-30-11-1660){ref-type="fig"}).

These individual differences were further investigated at the genus level ([Figure 2](#f2-ajas-30-11-1660){ref-type="fig"}). The changes in bacterial phyla from carcasses B and C during decomposition were similar, whereas the bacterial genera in leachate samples from these carcasses differed. *Clostridium*, *Clostridiales*, and *Tissierella* were the dominant genera in the samples from carcass B at 1 and 2 months of decomposition. *Tissierella* is an anaerobic species that reduces proteins and amino acids, and the abundance of these bacteria generally increases with decomposition, whereas *Clostridiales* play a major role in degradation of protein and cellulose \[[@b20-ajas-30-11-1660],[@b24-ajas-30-11-1660]\]. Previous reports have suggested that an anaerobic zone that develops around a carcass during composting is responsible for the increase in *Clostridium*.

*Clostridium* spp. play an essential role in biomass digestion by producing a wide variety of extracellular enzymes to degrade large biological molecules \[[@b25-ajas-30-11-1660]--[@b27-ajas-30-11-1660]\]. However, *Planococcaceae* was predominant in the sample from carcass C in the first month, and Bacillales was dominant in the second month. Diverse genera were observed in the carcass A sample after the first month, and *Planococcaceae* were dominant in the second month's sample.

Studies have shown that *Psychrobacter* and *Pseudomonas* play essential roles in fat decomposition \[[@b20-ajas-30-11-1660]\]. The genera *Pseudomonas* and *Psychrobacter*, both *Proteobacteria*, increased in samples from all three carcasses after 3 months. *Clostridium* was the most abundant genus of bacteria in the leachate from carcass A after 5 months, *Bacillaceae* was dominant in the leachate in carcass B after 4 months, and *Clostridium* and *Clostridiales* were dominant in the leachate from carcass C after 4 months.

These differences in the composition of bacterial communities in the leachates from three decomposing carcasses indicated that these communities are, at least in part, defined by the bacteria present in individual Hanwoo.

An investigation of shifts in bacterial communities is important, because leachates from decomposing carcasses reach the adjacent land and surrounding environment. Microorganisms affect the balance of the ecosystem through their metabolites \[[@b28-ajas-30-11-1660]\].

Results of the categorization of bacterial communities by UniFrac and three-dimensional PCoA are shown in [Figure 3](#f3-ajas-30-11-1660){ref-type="fig"}. The PCoA separated bacterial communities according to the decomposition time, and results suggested that leachates of decomposing Hanwoo shifted throughout incubation and that there were significant changes in bacterial communities after 4 months.

Our present findings indicate continuous shifts in the composition of bacterial communities in leachates from decomposing bovine carcasses. A wide variety of microbes were identified, and the predominant bacteria varied throughout decomposition. The genera *Pseudomonas* and *Psychrobacter* were dominant after 3 months in samples from all carcass leachates. *Psychrobacter* is present in the spoilage microbiota of chilled proteinaceous foods \[[@b29-ajas-30-11-1660]\].

*Bacillaceae*, *Clostridium*, and *Clostridiales* were predominant after 4 months of decomposition, whereas *Planococcaceae* was dominant in leachate from samples A and C after the first and second month of the sampling period. These continually shifting bacterial communities in leachates might affect the surrounding environment, including soil and groundwater at or near the burial site, and lead to changes in the composition of organic materials, indigenous microbes, and symbionts. In agreement with results of this study, bacterial communities in leachates from decomposing swine carcasses were also shown to change continuously throughout decomposition \[[@b12-ajas-30-11-1660]\]. These results showed the potential for opportunistic pathogens in burial leachates to multiply during decomposition. These changes in bacterial communities may have adverse effects on public health.

CONCLUSION
==========

Using high-throughput pyrosequencing and optimized DNA extraction protocols, we characterized the shift of bacterial communities in leachates from decomposing bovine carcasses over 5 months in the present study. Different bacterial groups dominated at specific times during decomposition; *Planococcaceae* and *Bacillales* dominated in the first and second month's samples; *Thermovenabulum* and *Tissierella* in the third month's samples; *Anaerolinaceae*, *Flavobacteria*, and *Thermovenabulum* in the fourth month's samples; and finally *Anaerolinaceae* and *Flavobacteria* in the fifth month's samples. The identification of new bacterial genera involved in bovine carcass decomposition can provide insight into the specific changes in microbial types and quantity during vertebrate decomposition. Therefore, regular monitoring of microbial communities in burial sites should be conducted, because microorganisms can greatly modify ecosystem chemistry through their metabolic activities. In conclusion, our results could be beneficial for maintaining healthy ecosystems and in designing and implementing measures to prevent future outbreaks of FMD or other diseases in Korea. However, further studies of burial sites are required to identify the key points at which microbial community composition changes during decomposition.
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###### 

Comparison of the abundance of bacterial 16S rDNA sequences in leachates from decomposing bovine carcasses at different sampling times

  Items       Sampling time (Sample name)   Analyzed reads   Normalized reads   Average length (bp)   Observed OTUs   Estimated OTUs (Chao1)   Shannon index   Good's coverage
  ----------- ----------------------------- ---------------- ------------------ --------------------- --------------- ------------------------ --------------- -----------------
  Carcass A   Month 1 (A_1)                 7,022            3,300              467.8                 964             3,971.0                  4.20            0.76
              Month 2 (A_2)                 11,982           3,300              433.8                 263             990.5                    1.36            0.94
              Month 3 (A_3)                 3,389            3,300              471.6                 513             1,759.0                  4.07            0.89
              Month 4 (A_4)                 5,644            3,300              479.4                 256             652.0                    1.93            0.95
              Month 5 (A_5)                 8,620            3,300              461.4                 393             1,477.1                  3.37            0.91
  Carcass B   Month 1 (B_1)                 3,523            3,300              458.8                 495             1,723.5                  3.80            0.89
              Month 2 (B_2)                 3,467            3,300              457.3                 490             1,785.4                  3.39            0.89
              Month 3 (B_3)                 6,271            3,300              470.7                 296             1,021.6                  2.64            0.93
              Month 4 (B_4)                 12,436           3,300              477.8                 428             1,988.4                  3.32            0.90
              Month 5 (B-5)                 7,366            3,300              472.2                 578             2,853.1                  4.07            0.86
  Carcass C   Month 1 (C_1)                 2,541            2,541              468.7                 296             962.3                    2.90            0.92
              Month 2 (C_2)                 6,351            3,300              472.2                 458             1,665.7                  2.62            0.90
              Month 3 (C_3)                 4,482            3,300              472.4                 228             929.4                    1.84            0.95
              Month 4 (C_4))                10,723           3,300              462.1                 518             2,309.3                  4.03            0.88
              Month 5 (C_5)                 16,625           3,300              465.7                 416             1,776.0                  3.48            0.90

OTUs, operational taxonomic units; bp, base pairs.
